The RAG (recombination-activating gene) complex is responsible for the generation of antigen receptor diversity by acting as a sequence-specific nuclease. Recent studies have shown that it also acts as a structure-specific nuclease. However, little is known about the factors regulating this activity at the genomic level. We show in the present study that the proximity of a V(D)J nonamer to heteroduplex DNA significantly increases RAG cleavage and binding efficiencies at physiological concentrations of MgCl 2 . The position of the nonamer with respect to heteroduplex DNA was important, but not orientation. A spacer length of 18 bp between the nonamer and mismatch was optimal for RAGmediated DNA cleavage. Mutations to the sequence of the nonamer and deletion of the nonamer-binding domain of RAG1 reinforced the role of the nonamer in the enhancement in RAG cleavage. Interestingly, partial mutation of the nonamer did not significantly reduce RAG cleavage on heteroduplex DNA, suggesting that even cryptic nonamers were sufficient to enhance RAG cleavage. More importantly, we show that the fragile region involved in chromosomal translocations associated with BCL2 (B-cell lymphoma 2) can be cleaved by RAGs following a nonamer-dependent mechanism. Hence our results from the present study suggest that a non-B DNA can replace the heptamer of RSS (recombination signal sequence) when present adjacent to nonamers, explaining the generation of certain chromosomal translocations in lymphoid malignancies.
INTRODUCTION
V(D)J recombination is a site-specific recombination, which generates immunoglobulin and TCR (T-cell receptor) diversity by assembling the variable (V), diversity (D) and joining (J) subexons of the antigen receptor genes [1] [2] [3] . This process results in the formation of an enormous repertoire of functional antigen receptor genes varying in their specificity. Each of the subexons is flanked by a RSS (recombination signal sequence) that consists of a conserved heptamer (5 -CACAGTG-3 ) and nonamer (5 -ACAAAAACC-3 ) separated by a non-conserved spacer sequence of 12 or 23 bp length. For efficient recombination, a pair of 12 and 23 RSSs is required, which is termed the 12/23 rule [1] [2] [3] [4] [5] . Two lymphoid-cell-specific proteins, RAG (recombination-activating gene) 1 and RAG2, are involved in the cleavage phase of V(D)J recombination [1, 6] . RAGs introduce a nick precisely at the 5 end of the heptamer to generate a 3 hydroxy group, which attacks the phosphodiester bond in the antiparallel DNA strand, resulting in the formation of a hairpin structure at the coding end and a blunt end at the signal end. The coding end is subsequently processed by the DNA PKcs (DNA-dependent protein kinase catalytic subunit)/Artemis complex and joined together by NHEJ (non-homologous DNA end-joining), resulting in functional immunoglobulin or TCR [7, 8] .
Both RAG1 and RAG2 are essential for the cleavage activity; however, RAG1 is known to play a major role in binding and cleavage with respect to RSS. RAG1 harbours the NBD (nonamerbinding domain) at its N-terminus (amino acids 384-454), which facilitates its binding to the nonamer of RSS [9] [10] [11] . The central domain of RAG1 contains the heptamer-binding region [12] . RAG2 is known to enhance the interaction of RAG1 with the heptamer [13] [14] [15] [16] .
In addition to the classical function as a sequence-specific nuclease, the RAG complex also acts in a structure-specific manner to cleave non-B DNA structures such as heterologous loops, 3 overhangs, 3 flaps and bubbles [17] [18] [19] [20] [21] [22] . Recently, it was shown that cytosine nucleotides were preferred for RAG cleavage, when present at a single-stranded region followed by thymine nucleotides, whereas purine nucleotides were not nicked [23] . It was also shown that a minimum of two cytosine nucleotides were necessary for efficient RAG cleavage at the single-stranded region, whereas cleavage at a cytosine mismatch was weak. On the basis of this, a 'C (d) C (s) C (s) ' (d, double-stranded; s, single-stranded) motif was identified as the consensus sequence for optimal RAGmediated cleavage at the single-/double-strand DNA transitions [23] . It was also shown that both RSS and non-B DNA structures were equally favoured targets for RAGs. Besides, RAG-mediated cleavage at non-B DNA structures was independent of the NBD of RAG1 [24] .
The functional properties of RAG proteins with respect to sequence specificity have been studied extensively. However, several questions remain unanswered regarding their structural specificity. Reasons for the difference in affinity for cleavage among the bases are yet to be answered. The role of nonamers during RAG cleavage at non-B DNA structures is unknown. Besides, how this structure-specific activity is regulated at the genomic level is also not known.
In the present paper we report that RAG binding and cleavage on heteroduplex DNA were enhanced severalfold when an optimal or cryptic nonamer was placed within its proximity. A distance of 18 bp between the nonamers and mismatch was optimal for RAGmediated DNA cleavage. Nonamer-binding-domain-deleted RAG proteins failed to show such an enhancement in the cleavage. In addition, RAGs could cleave even at the purine bubbles when a nonamer was placed adjacent to it. Finally, we show that RAGs can cleave certain chromosomal translocation breakpoints adjacent to cryptic nonamers, suggesting the pathological relevance of our observation.
EXPERIMENTAL Enzymes, chemicals and reagents
Chemicals and reagents used in the study were purchased from Sigma Chemicals, Amresco and SRL. DNA-modifying enzymes were obtained from New England Biolabs. Culture media were from Sera Laboratory International Limited. Fetal bovine serum and PenStrep were from Invitrogen. Antibodies were purchased from Santa Cruz Biotechnology and radioisotopelabelled nucleotides were from BRIT.
Oligomers
Oligomers used in the present study were synthesized by Sigma-Aldrich. The sequences of the oligomers are shown in Supplementary Table S1 (at http://www.BiochemJ.org/bj/448/ bj4480115add.htm). The oligomers were purified using 10-15 % denaturing PAGE. Radiolabelled duplex DNA was prepared by annealing either labelled top or bottom strand with a 5-fold excess of its complementary strand in 100 mM NaCl and 1 mM EDTA in a boiling water bath, followed by gradual cooling, as described previously [25] .
end-labelling of oligomers
5 end-labelling of oligomeric DNA was performed as described previously [26] using T4 polynucleotide kinase and [γ - 32 P]ATP at 37
• C for 1 h. Labelled substrates were purified using a Sephadex G-25 column and were stored at − 20
• C until use.
RAG expression and purification
The mammalian expression constructs harbouring cRAG1 (core RAG1, amino acids 384-1040), cRAG2 (amino acids 1-383) and FLRAG2 (full-length RAG2, amino acids 1-527), each fused with an N-terminal MBP (maltose-binding protein) tag was used for expression [23, 27, 28] . Briefly, for co-expression of MBP-tagged cRAG1/cRAG2 or cRAG1/FLRAG2, HEK (human embryonic kidney)-293T cells were transfected with RAG expression vectors using the calcium phosphate method. After 48 h of transfection, cells were harvested and the proteins were purified using amylose resin column (New England Biolabs). The purity of RAGs was checked by Coomassie Brilliant Blue staining, and protein identity was confirmed by Western blot analysis (Supplementary Figure S1 at http://www.BiochemJ. org/bj/448/bj4480115add.htm) and their activity was tested by site-specific nicking on standard RSS. For the purification of GST (glutathione transferase)-tagged cRAG1/cRAG2, expression vectors harbouring cRAGs were used and the proteins were purified using glutathione-agarose affinity chromatography [18, 23, 28] . Site-directed mutation R778Q [29] was introduced into cRAG1 by PCR-driven overlap extension [30] . The PCR product was cloned into pEBG, which was then transfected and the protein was purified. The nonamer-binding region of cRAG1 was deleted ( 402 RAG1) and co-expressed with cRAG2 [24] .
RAG cleavage
RAG cleavage was performed in cleavage buffer containing 25 mM Mops (pH 7.0), 30 mM KCl, 30 mM potassium glutamate and 5 mM MgCl 2 . Radiolabelled oligomers and RAG proteins were added and incubated at 37
• C for 1 h, except in kinetics studies. In the control, RAG cleavage buffer alone was used. Reactions were terminated by adding loading dye containing formamide, heated for 10 min at 95
• C and resolved on 13 or 15 % denaturing polyacrylamide gels. The gels were dried and images were acquired using a phosphorimager (FLA9000; Fuji). Each experiment described in the present study was carried out a minimum of three independent times with complete agreement. Cleavage products were quantified using Multi Gauge V3.0 software. The substrate amount was considered as 100 %, the relative cleavage was calculated and indicated as a percentage. Significance was calculated using GraphPad Prism 5.
EMSA (electrophoretic mobility-shift assay)
EMSA was carried out as described previously [31] . In brief, appropriate oligomeric DNA substrates were incubated with RAG proteins in binding buffer containing 22.5 mM Mops/KOH (pH 7.0), 20 % DMSO, 2.2 mM dithiothreitol, 50 mM potassium glutamate, 2 % (v/v) glycerol and 100 ng/ml BSA for 2 h at 25
• C, following which fixation was carried out (in 0.01 % gluteraldehyde at 37
• C for 10 min). The DNA-protein complexes were then resolved on native polyacrylamide gels (4 or 6 %).
P1 nuclease protection assay
5 end-labelled oligomeric duplex DNA containing a thymine bubble were incubated with P1 nuclease with or without pretreatment with RAGs (30 min on ice) in RAG binding buffer at 37
• C for 30 min. The P1 nuclease concentrations used were 0.0001, 0.001, 0.005 and 0.01 unit. In the control reactions, buffer alone was used. Reactions were terminated by adding loading dye containing formamide and the products were resolved on a 15 % denaturing polyacrylamide gel [32] . The gel was dried and the radioactive signals were detected by using a phosphorimager.
Assay for activity of preformed complexes to carry out coupled cleavage
The ability of preformed complexes to carry out coupled cleavage was assayed in reactions containing RAGs, radiolabelled heteroduplex DNA harbouring nonamer and non-labelled 12 or 23 RSS, in RAG cleavage buffer (37 • C for 1 h). Reactions were also performed in the presence of HMGB1 (high-mobility group box 1) with increasing concentrations of non-labelled 23 RSS. RAG cleavage reactions were terminated and the products were analysed by denaturing PAGE, as described above.
RESULTS

Presence of a nonamer of V(D)J recombination enhances RAG cleavage on heteroduplex DNA
It has been shown that RAGs bind to the nonamer and direct the cleavage to the heptamer of RSS during V(D)J recombination [10] . On the basis of this, we were interested in testing whether placing a nonamer sequence adjacent to a non-B DNA could target the cleavage to it. Oligomers Radiolabelled heteroduplex DNA (I, II or III) was subjected to RAG cleavage in a buffer containing 5 mM MgCl 2 and the products were resolved by 13 % denaturing PAGE. RAG-specific cleavage products are indicated by arrows. The histogram on the right-hand side shows the quantification of RAG cleavage. The cleavage products were quantified using Multi Gauge software. The substrate amount was taken as 100 %, and the relative cleavage was calculated and indicated as a percentage. The statistical significance of the difference in cleavage efficiencies was calculated following an unpaired t test using GraphPad Prism. The difference was found to be significant; ***P < 0.0001. containing heteroduplex DNA were designed and synthesized by positioning a thymine bubble 12 bp upstream of the standard nonamer ( Figure 1A , II). Oligomeric DNA harbouring the thymine bubble served as the control ( Figure 1A, I ). The top strand of the oligomeric DNA was radiolabelled and incubated with MBP-tagged cRAG1 and cRAG2 at 37
• C in a buffer containing 5 mM MgCl 2 , and the products were resolved by 13 % denaturing PAGE. Results showed that the RAG cleavage was enhanced significantly (∼ 4-fold) when a nonamer was placed adjacent to it ( Figure 1B , lanes 1-4). More importantly, RAG cleavage occurred precisely at the single-/double-stranded DNA transition, even when the nonamer was present. Besides, a second weaker band was also seen, which was due to RAG cleavage at the first unpaired nucleotide of the bubble as seen previously [23] . RAG cleavage on a heteroduplex DNA with cytosine nucleotides at the single-stranded region served as the positive control ( Figure 1A , III, and Figure 1B ) [23] . In order to test whether the enhanced cleavage activity exhibited by the RAG complex could be attributed to the differences in DNA binding, the efficiency of the RAG binding was assayed.
Results showed that the binding of RAGs to oligomer harbouring the thymine bubble was enhanced ∼ 2.5-fold in the presence of a nonamer ( Figure 1C ). Thus our results suggest that a standard V(D)J nonamer adjacent to a non-B DNA can stimulate RAGmediated DNA cleavage and binding significantly.
To exclude the possibility that the observed enhancement in RAG-mediated cleavage on heteroduplex DNA could be attributed to the MBP tag used for protein purification, RAG cleavage was performed using GST-tagged cRAG1 and cRAG2 ( Figure 1D ). Results showed that, similar to MBP-tagged cRAGs, GST-tagged cRAGs also exhibited an enhanced nicking when a nonamer was present downstream of the thymine bubble ( Figure 1D ). This suggests that the observed enhancement in cleavage was solely due to the RAG proteins and not affected by the tags. A comparable enhancement in RAG cleavage was observed when MBP-tagged cRAG1/FLRAG2 were used for the study, although the efficiency of RAG cleavage was weaker ( Figure 1D ), suggesting that our observation was physiologically relevant.
Position of the nonamer with respect to heteroduplex DNA is critical for RAG cleavage
Orientation of the nonamer is critical for RAG cleavage at standard RSSs during V(D)J recombination [3] . To test whether such a rule holds true in cases where a non B-DNA is present in the place of a heptamer, oligomers were synthesized by positioning the nonamer either 12 bp downstream or upstream of the bubble region ( Figure 2A , II and IV) and RAG nicking was assayed. In a different set of experiments, oligomers in which orientation of the nonamer was reversed, without changing its position, were also used ( Figure 2A, II and V ). An enhancement in the RAG cleavage due to nonamer was observed only when it was placed downstream of the thymine bubble as in the case of RSS ( Figure 2B, lanes 1-8) . A basal level of RAG cleavage was observed at the thymine bubble when a nonamer was placed upstream of it ( Figure 2A , II and IV, and Figure 2B , lanes 1-6). When RAG cleavage was analysed on the bottom strand of substrate II, it did not result in any enhancement, suggesting that the presence of nonamers downstream of the bubble was crucial ( Figure 2B, lanes 9-12) . Consistent with this, when bottom strand cleavage was analysed for substrate IV, a significant enhancement was seen ( Figure 2B, lanes 9, 10, 13 and 14) . However, the efficiency of RAG binding to the heteroduplex DNA with a nonamer was higher irrespective of its position ( Figure 2C, lanes 1-6) . This suggests that, although RAGs could bind, cleavage at the single-/doublestranded transition was dependent on the position of the nonamer. When the orientation of nonamer was reversed, there was no considerable decrease in the efficiency of cleavage (Figures 2A  and 2B, lanes 17-24) , which was consistent with that of the binding pattern ( Figure 2C, lanes 7-10) . Therefore it appears that RAG cleavage on heteroduplex DNA could be influenced by the position of nonamer, but not its orientation. The effect of the catalytic subunit of RAG1 on cleavage of non-B DNA structure in the presence of a nonamer was studied using mutant cRAG1 (R778Q) and wild-type cRAG2. The R778Q mutation of RAG1 was shown to reduce the V(D)J recombination activity in a patient suffering from immunodeficiency disease with granulomas [29] . The results showed that, irrespective of the presence of nonamers, RAG-mediated cleavage at heteroduplex DNA or RSS was abolished when the mutant cRAGs were used ( Figure 3B, lanes 7-12) .
Previously, it was shown that RAG cleavage at 3 overhangs and flaps was not dependent on the nonamer-binding domain of RAG1 [20] . Recently, we observed that RAG cleavage at bubbles was also not dependent on the NBD [24] . To determine whether the enhanced RAG cleavage at heteroduplex DNA in the presence of a nonamer was due to binding of the NBD, a deletion mutant of the NBD of RAG1 ( 402 RAG1) was used [24] . The results showed that, although the enhancement in cleavage efficiency was distinct in the presence of nonamers, when wild-type cRAGs were used, the NBD-deleted mutants failed to show an enhancement in cleavage ( Figure 3B, lanes 3-6 and 15-18) , indicating that the enhancement was due to the binding of the NBD of RAG1 to the sequence of the nonamer. We also observed that, although wildtype RAGs could cleave the standard RSS, NBD-deleted RAGs failed to cleave ( Figure 3B , lanes 1 and 2 and 13 and 14) [10, 11] .
Previous studies have shown that RAGs follow a distinctly different kinetics when it nicks on standard RSSs and heteroduplex DNA. In case of heteroduplex DNA, cleavage proceeded gradually over time, whereas it reached saturation at early time points when RSS was used [23] . In contrast, in the presence of a nonamer, the heteroduplex DNA followed a kinetics pattern closely resembling that of the standard RSS (Supplementary Figure S2 at http://www.BiochemJ.org/bj/448/bj4480115add.htm). The P1 nuclease protection assay was carried out on heteroduplex DNA-harbouring nonamers. If RAGs remain bound to the bubble region, it would be protected from cleavage by P1 nuclease. The tesults indicated that there was no difference in the efficiency of P1 nuclease nicking at the single-stranded region of the heteroduplex DNA even when a nonamer was present irrespective of RAG pre-incubation (Supplementary Figure S3 at http://www.BiochemJ.org/bj/448/bj4480115add.htm). This revealed that the cleavage seen in the presence of a nonamer was not due to the improved binding of RAGs at the bubble sequence. This, in conjunction with the results above, suggests that the observed enhancement in RAG-mediated cleavage was due to its binding at the nonamer sequence of the heteroduplex DNA.
RAG cleavage at heteroduplex DNA is optimal when the distance between the nonamers and mismatch is 18 bp
In order to determine the optimal distance between the nonamers and heteroduplex DNA, which could enhance RAG cleavage at an adjacent single nucleotide mismatch, oligomers were synthesized in which nonamers were placed at 0, 6, 12, 18, 23 or 30 bp downstream of a C/C mismatch. Oligomers were labelled on the top strand and subjected to RAG cleavage and binding assay. The results showed an enhancement in RAG cleavage efficiency, irrespective of whether the nonamer was placed 6, 12, 18, 23 or 30 bp away from the mismatch (Figures 4A-4C) . A comparable enhancement in RAG binding was also observed ( Figure 4D ). Interestingly, neither cleavage nor binding was enhanced when the nonamer was placed immediately adjacent to the mismatch ( Figures 4B and 4D, lanes 1-4) . The maximum enhancement in RAG-mediated cleavage and binding was observed when the nonamer was placed 18 bp away from the mismatch ( Figures 4B  and 4D, lanes 9 and 10) . This could be explained considering that a distance of 12 bp between the nonamer and heptamer in a standard 12 RSS would suggest a spacer length of 19 bp from the nonamer to the site of RAG cleavage. Thus the nonamer might be positioning RAGs in a way that the active site most easily engages the DNA 19 bp away for cleavage. Positioning of the nonamer 6 bp away from the standard heptamer on a doublestranded DNA failed to introduce RAG cleavage at the heptamer, whereas robust cleavage was retained on a 12 RSS ( Figures 4A and  4B, lanes 15-18) . Thus our results suggest that a spacer length of 18 bp is optimal when RAGs cleave heteroduplex DNA by virtue of a nonamer. Hence the spacing of the nonamer from the site of cleavage holds the same for the standard heptamer-nonamer (RSS)-mediated cleavage as well as for the mismatch-nonamermediated cleavage.
Partial mutation of nonamer does not affect RAG cleavage at heteroduplex DNA, whereas complete mutation results in its abrogation
In order to examine the importance of the sequence of the nonamers during RAG cleavage on heteroduplex DNA, oligomers containing a C/C mismatch with a nonamer of various sequence alterations were synthesized ( Figure 5A ). Efficient RAG nicking was observed, even when the optimal nonamer was replaced with a cryptic one ( Figures 5A and 5B) . However, when the entire nonamer was replaced by a random DNA sequence, a significant reduction in RAG cleavage was observed ( Figure 5C, lanes 1-4) , confirming the importance of the nonamer sequence. These results suggest that, although the V(D)J nonamer is important, certain changes to its sequence may not affect RAG-mediated cleavage on heteroduplex DNA.
Physiologically, RAG-mediated cleavage occurs upon formation of a paired complex involving both 12 and 23 RSS during the process of V(D)J recombination. We tested whether such a complex can be formed between the standard 12 or 23 RSS and heteroduplex DNA with a nonamer. When RAG cleavage was performed with radiolabelled oligomers harbouring the thymine bubble and nonamer, along with an unlabelled 12 or 23 RSS, we could not find any difference in the efficiency of RAG cleavage (Supplementary Figures S4A and S4B at http://www.BiochemJ.org/bj/448/bj4480115add.htm). This suggests that coupled cleavage may not occur between RSS and a heteroduplex DNA-harbouring nonamer. Since it is known that HMGB1/2 enhances RAG binding, cleavage and hairpin formation [33, 34] , the RAG cleavage assay was also performed in the presence of HMGB1 and increasing concentrations of unlabelled 23 RSS. The results showed that coupled cleavage does not occur even in the presence of HMGB1 (Supplementary Figure S4C) .
RAGs cleave heteroduplex DNA harbouring purine nucleotides in the presence of a V(D)J nonamer
Previously, it was shown that the structure-specific nuclease activity of RAGs was sequence-dependent [23] . We wondered whether positioning of a V(D)J nonamer on a heteroduplex DNA can lead to enhanced RAG nicking irrespective of the sequence of the single-stranded region. To address this, oligomers were synthesized by positioning nonamers 12 bp downstream of the purine bubbles ( Figure 6A) . Surprisingly, although no cleavage was detectable in the absence of a nonamer ( Figure 6B, lanes  4 and 8) , RAGs nicked bubbles containing either adenine or guanine nucleotides when nonamer was present ( Figure 6B , lanes 6 and 10). Enhancement of cleavage at thymine bubbles in the presence of nonamer was also observed ( Figure 6B, lanes 11-14) , whereas cleavage at cytosine bubbles was distinct even without nonamers, as described above ( Figure 6B, lanes 1 and 2) . To determine whether the cleavage seen at purine bubbles was due to enhanced binding of RAGs at the nonamer, an EMSA was performed ( Figure 6C) . A definite increase in the RAG binding was seen, when nonamer was placed adjacent to the purine bubble, thus providing an experimental basis for the observed enhancement in cleavage ( Figure 6C ). Therefore our results suggest that the presence of a V(D)J nonamer can alter the inherent sequence specificity of RAGs when it acts as a structure-specific nuclease.
Cryptic nonamers adjacent to CpGs may enhance RAG-mediated breaks at fragile regions in the genome
A previous study has reported the clustering of translocation breakpoints near CpG dinucleotides in the genome [35] . Spontaneous or AID (activation-induced cytidine deaminase)-mediated deamination can result in the generation of T/G and U/G mismatches at methylcytosine nucleotides of CpGs and cytosine nucleotides respectively. Tsai et al. [35] suggested that such mismatches could be a target for RAG cleavage. Since the present study showed that nonamers, when present adjacent to the heteroduplex DNA, can enhance RAG cleavage efficiency at the non-B DNA structures, we sought to assess whether cryptic nonamers adjacent to the CpG dinucleotide at translocation breakpoint regions can facilitate aberrant RAG nicking.
Using the breakpoint data available from the literature, oligomers were synthesized representing the fragile regions of Figure S5B) . The observed lower efficiency of RAG-mediated cleavage at these fragile sites could be one of the reasons for a lower incidence of such errors in the genome. In addition, any imbalance in the Mn 2 + concentration, at least in the microenvironment, may also act as a catalyst in promoting such a cleavage.
DISCUSSION
Presence of a nonamer augments RAG cleavage at an adjacent non-B DNA structure
The sequence-specific property of RAG complex is well characterized. However, its structure-specific cleavage property remains less explored. Previously, we and others have shown that RAGs can cleave at single-/double-stranded DNA transitions under physiological conditions, when DNA was not in its B-form [17] [18] [19] [20] . It was also shown that a heptamer, when present adjacent to a bubble region, had no effect on its cleavage [19] . In the present study, we established that the presence of a V(D)J nonamer adjacent to a heteroduplex DNA can significantly improve the structure-specific nuclease activity of RAGs. More importantly, the sequence preference of RAGs, when acting as a structurespecific nuclease, can also be circumvented by a V(D)J nonamer.
The observed enhancement in RAG cleavage in response to a V(D)J nonamer was irrespective of tags (MBP or GST) used for protein purification. Besides cRAGs, FLRAGs also showed similar results, making the present study physiologically relevant. Moreover, most of the experiments were performed at physiological concentrations of Mg 2 + . The present study showed that the binding of RAGs to the nonamer could be the key event that determines the cleavage efficiency. The efficiency of RAG binding and cleavage at the heteroduplex DNA with thymine nucleotides was severalfold higher when a nonamer was present adjacent to it.
During V(D)J recombination, the standard 12/23 rule restricts the position of the nonamer to be 12 or 23 bp away from the heptamer of RSS. Consistent with that, a maximum enhancement in the RAG cleavage was observed when the nonamer was 18 bp away from a mismatch, which would be equivalent to a 12 RSS when the position of cleavage with respect to nonamers is considered. However, when RAGs act as a structure-specific nuclease, the cleavage efficiency at the mismatch was enhanced even when the nonamer was placed 6, 12, 23 or 30 bp away from it. This was in accordance with an earlier study where it was shown that HMGB1/2 targets a specific sequence called bps6197, wherein the nonamer was separated from an inverted repeat by 30 bp, for illegitimate RAG cleavage [36] . Moreover, besides the optimal nonamer, even a cryptic nonamer was sufficient to enhance RAG cleavage at an adjacent non-B DNA structure or mismatch. However, complete abolition of the nonamer motif eliminated the enhancement in RAG cleavage. As the present study was in progress, another study showed that cryptic nonamers and HMGB could enhance cleavage at cryptic RSSs with respect to TEL-AML1 t(12;21)(p13;q22) chromosomal translocation [37] .
Implications in the regulation of alternative outcomes of V(D)J recombination and genomic instability
Chromosomal translocations have long been implicated in the aetiology of cancer, especially in lymphomas and leukaemias [22, 35] . DSBs (double-stranded breaks) are considered a prerequisite for the origin of translocations [22] . Several causes of the occurrence of DSBs have been described in the literature, but the majority of these can lead only to isolated breaks which do not culminate in reciprocal translocations [38] . Previous studies have shown that some breakpoint sites were misrecognized by RAGs as they resemble the authentic heptamer/nonamer signals, although they were present completely apart from immunoglobulin and TCR loci [39] [40] [41] . However, several of the common translocation sites are exceptions to this mechanism.
Transient single-strandedness can be generated during replication, transcription or breathing of DNA. Besides, altered DNA structures, such as cruciforms, triplexes and Gquadruplexes, can lead to single strandedness in the genome [42, 43] . A previous study has pointed out that the homopolymeric deoxyadenosine tract, AAAAA, found in the nonamers are poorly incorporated into nucleosomes [44] . This intrinsic property of the nonamer would make an adjacent mismatch more accessible to cleavage by RAGs, thereby leading to genomic instability. It was also observed that the CpG dinucleotide, which constitutes only approximately 1 % of the human genome, can account for 40-70 % of breakpoints at pro-B/pre-B stage chromosomal translocation regions [35] . In vertebrates, cytosine nucleotides of the CpG dinucleotides can be methylated at the C-5 position. The 5-methylcytosine can undergo spontaneous deamination culminating into a T/G mismatch. This is more resistant to repair than a U/G mismatch, which can be formed by oxidative deamination of unmethylated cytosine [35] . AID could be another candidate responsible for such deaminations. In the early B-cell stage, where AID is expressed at low levels, the deaminations generated may develop to mismatches on which RAGs could act and generate DSBs. In the human genome, approximately 60 000 optimal nonamers of V(D)J recombination (ACAAAAACC) are present. On the basis of this, one could speculate that the number of cryptic nonamers will be much higher in the genome. These possibilities could pose a challenge to the genomic stability as the nonamers enhance RAG cleavage when present adjacent to a heteroduplex DNA. Even if the breaks are generated at a very low frequency, it could still be a threat as it occurs in lymphoid cells, wherein a particular cell may be selected for clonal expansion. Furthermore, as evidence for the existence of such a mechanism, we show that the patient breakpoints at BCL2 exon 3 and probably ICR can be attributed to RAG cleavage at a mismatch adjacent to cryptic nonamer. The dependence on MnCl 2 may explain the lower incidence of such breaks and hence account for the generation of such translocations in the physiological scenario.
We have thus uncovered a new mechanism of illegitimate RAG cleavage, where, despite the absence of a heptamer, a nonamer or a cryptic nonamer can direct cleavage to an adjacent mispaired base or a transiently single-stranded region due to a non-B DNA structure.
AUTHOR CONTRIBUTION
Sathees Raghavan and Mayilaadumveettil Nishana designed the experiments. Mayilaadumveettil Nishana performed the experiments. Mayilaadumveettil Nishana and Sathees Raghavan interpreted the data and wrote the paper. 
